Fatigue tests have been carried out to investigate mixed mode fatigue crack growth behaviour in FM73 epoxy adhesive using Double Cantilever Beam (DCB) specimens. The DCB configuration used consisted of equal thickness mild steel adherends bonded with FM73
Introduction
The use of adhesive bonding has become much more widespread in recent years.
However, a particular issue with the integrity of adhesive joints is the presence of cracks and flaws in the as-manufactured adhesive bond-line. The presence of these defects, at least at some scale, appears inevitable and the propagation of such cracks/flaws has the potential to affect the service life of the adhesively bonded joints and even to cause catastrophic failure of bonded structures in service. Hence a better understanding of crack propagation behaviour under realistic types of combined (direct and shear stress components) service loading is an important aspect of evaluating the potential performance of adhesively bonded joints [1] .
In the case of a joint experiencing only peel stresses, a Fracture Mechanics (FM) approach simply requires the evaluation of mode I crack driving force as a function of crack length in the joint and the knowledge of the mode I Fatigue Crack Growth (FCG) behaviour [2] . Many studies have been conducted [3] [4] [5] [6] [7] [8] [9] [10] that demonstrate a sigmoidal relationship on a log-log plot between the cyclic fatigue crack growth rate (da/dN) and crack driving parameter, generally evaluated in terms of the strain energy release rate (G) or related parameter. However, in structural applications of adhesive joints, it is appropriate to reduce the peel stresses (i.e. stresses perpendicular to the bondline) in favour of shear stresses to improve joint strength [9] . Most of the joint geometries used in practice are characterised by the combined presence of peel and shear stresses, hence experiencing mixed mode loading conditions at the crack tip. In a joint subject to both peel and shear stresses, the total strain energy release rate, mode I or mode II component or some combination thereof are possible parameters to characterise FCG behaviour [10] .
Concerning the FCG properties, the majority of existing experiments have been performed under mode I conditions for which well-assessed procedures based on Double Cantilever Beam (DCB) or Tapered Double Cantilever Beam (TDCB) specimens already exist. Nevertheless, there is experimental evidence for bonded joints [10-12] that mixed mode ratio affects the FCG rate. To perform reliable predictions of fatigue lifetime and endurance limit, it is, therefore, desirable to have crack propagation data for a range of mixed mode loadings. The structure of the paper is as follows. In the next section, the test method used is discussed, together with closed-form analyses that enable the strain energy release rate components to be determined. The results from the test programme are then presented.. Paris plots for these data are presented in a conventional way. The results are discussed and compared with other studies in the literature.Following this the failure surfaces are considered and finally a mixed mode fatigue crack growth law presented
Fatigue Test Method
In the present work, a simple loading jig, as shown in Fig.1 , was used as described in [1] . The jig allows fatigue testing of a DCB type specimen in pure mode I and over a wide range of mixed-mode ratios.
The mild steel DCB adherends (Fig. 2) were grit blasted, cleaned in acetone and then clamped with FM73 film adhesive inserted and bonded at an elevated temperature in an oven. Shims were used (see Fig 2) to control the adhesive thickness. This formed a natural bond end with no pre-crack. The cure cycle followed was in accordance with the data sheet from the adhesive manufacturer -a heating cycle up to 120 °C in 30 minutes followed by a hold for 60 minutes and then leaving in the oven with door shut until the temperature reaches room temperature. After samples had been cured, they were stored in a desiccator and they were tested typically one to two days after manufacturing. The bonded joint manufacturing process, the quasi-static failure testing and the loading jig design and operation were described in more detail elsewhere [1] . The fatigue testing of the joints was carried out using the loading jig shown in Fig 1, After curing the DCB bonded joints, any excess adhesive was removed from the joint with abrasive paper and the bond-line was highlighted using diluted white typewriting corrector fluid to enable the crack tip to be identified more easily. The crack length was measured using a scale attached to the edge of the joint. A digital microscope enabled the crack length to be monitored with up to 200x magnification on the computer screen Fatigue tests were run using the Instron software "Wave Matrix" [16] . The test procedure was as follows. A specimen was loaded to 70% of the quasi-static failure load and the corresponding value of maximum displacement was recorded. The specimen was then unloaded to the minimum load (using an initial load ratio R = 0.1), to obtain the corresponding minimum displacement. The fatigue test was then run in displacement control between these maximum and minimum values of displacement. By using displacement control the energy release rate decreases with crack length and allows a threshold value to be determined.The crack length was monitored throughout each test using in-situ video microscopy. For each test configuration, a minimum of three repeats were carried out. A three-parameter exponential function was selected for curve fitting the crack growth data as shown in Eq. 1
In Eq. 1, the terms a and N are the crack length and number of cycles, respectively.
The three coefficients namely X, Y and Z were determined using curve fitting software and are -2.56, -615.38 and 576.70 respectively. A typical curve fit for the crack length data as a function of number of cycles is shown in Fig. 5 .
It is conventional to try to represent FCG data using a Paris law type relationship i.e Eq. 2, which is well known to be applicable to metals and polymers [5] :
In Eq.2, the terms C and m are material constants known as the Paris law coefficient and exponent, respectively, G max is the maximum strain energy release rate and da/dN is the FCG rate. The question is what form of the strain energy release rate parameter should be used to correlate data under mixed mode loading? In the present study data from different specimens are compared with each other on the basis of the mode I strain energy release rate range (∆G I ) and on the basis of the total strain energy release rate range (∆G Total ) as appropriate. Finally a more general form of the Paris law is developed, appropriate to mixed mode loading.
Results and Discussion
The main focus of the results and the subsequent analysis are the fatigue crack growth data and the corresponding fracture surfaces. Before considering these fatigue crack initiation is discussed.
Fatigue Crack Initiation
Three different configurations are available in the jig (Fig.1 ) to achieve a mode ratio of 0.72. This feature was used to assess the self-consistency of the test setup. The 3 configurations are a) S 1 =0 and S 2 =200 and pinning the support at point C, b)
and S 2 =0 and pinning the support at point C and c) S 1 =0 and S 2 =200 and pinning the support at point D (see [1] for more details). Nine specimens are shown at a mode mixity of 0.72, which arise from testing three specimens at each of the three jig arrangements giving rise to this level of mode mixity . Three or four specimens were tested at each of the other mode mixities. It should be recalled that each of these test specimens were tested with an initial maximum fatigue load of 70% of the corresponding mean quasi-static strength. This corresponds to different strain energy release rate values for each mode mixity. Fig. 6 shows the average data for each of the 5 mode ratios, illustrating the relationship between the number of cycles to crack initiation in the as-cast joint (having no pre-crack) and the mode I and total strain energy release rates. These data suggest that for these specimens the number of cycles for crack initiation for the as cast joint correlates with the mode I component of the strain energy release rate: as the mode I value decreases, there is a greater number of cycles required for propagation of the crack in the as manufactured specimen.
Fatigue Crack Propagation
In this section, the results from the fatigue crack propagation tests over the range of mode mixities are presented. Plots of da/dN against ∆G I and ∆G Total are both shown to explore the effect of these different fracture mechanics parameters of log da/dN against log ∆G Total , where the total strain energy release rate, ∆G Total , is 
Characterisation of Failure Surfaces
Visual inspection indicated that fracture propagated within the FM73 adhesive (i.e. a cohesive type of propagation) for most of the cases. In order to examine the fracture surfaces in greater detail, samples were prepared for SEM examination by coating the fracture surfaces with a layer of gold approximately 8 nm thick. The DCB specimens were then examined using a Hitachi S3200N scanning electron microscope (SEM). A 20kV electron beam was used for scanning to minimise any charging effects. Fig. 11 and 12 show images for pure mode I and mixed mode (mode II dominant) conditions. The arrow shows the direction of crack propagation.
The crack growth rate decreased as the crack length increased for these fatigue experiments, which were carried out under displacement control.
In Fig. 11 Ua , Ub, Uc and La, Lb, Lc are two sets of three different positions taken for the upper and lower adherends in the DCB specimen for pure mode I at ∆a of 9, 12 and 20 mm, respectively. The corresponding da/dN and ∆G Total are 8.38x10 The fibrous features on the surfaces are assumed to be the polyester fibres in the adhesive carrier. The crack appears to grow in and around this carrier rather than remaining within the bulk of the adhesive layer. For the pure mode I test (Fig. 11 ), there appears to be a tendency for the slower crack growth rates to be associated with a rougher (more fibrous) appearance to the fracture surface. In particular at the higher crack growth rates, there is much less evidence of fibres suggesting the failure is more matrix dominated. In contrast, for the mixed mode test (Fig. 12) there is no clear change to the fracture surface morphology over the range of rates shown, which vary by a factor of more than 40. Each image shows a similar fibrous morphology.
Calculation of Fatigue Crack Propagation Parameters
The aim of the current section is to formulate general crack growth relations of the form given in Eqs. 3 and 4. This follows an approach outlined by Blanco et al [29] .
Other approaches could also be considered but this would require further investigation.
( )
The values of C I , m I and C Total , m Total were found by curve fitting the experimental fatigue data using the plots of da/dN vs ∆G I and da/dN vs ∆G Total , respectively. In this curve fitting the entire data range was used as the aim of this was to develop a mixed mode FCG law that can be applied over a wide range of crack growth rates. It would be entirely possible to chose to use a different range of the data and this would lead to different values for the parameters. Fig. 13 shows the experimental variation of the Paris law coefficients C I and C Total for FM73 with mode mixity as defined by the ratio G II /G Total . Fig. 14 shows the experimental variation of the Paris law exponents m I and m Total for FM73 with mode mixity as defined by the ratio
The ratio of the mode II energy release rate to the total energy release rate, 
The curve fit parameters, c 1 , c 2 , c 3 , m 1 , m 2 and m 3 are presented in Table 1 for crack growth based on ∆G I and ∆G Total . 
Concluding Remarks
Crack growth in bonded joints under an extensive range of mixed mode fatigue loading has been studied using a loading jig developed specially for applying mixed mode loads to a DCB. Fatigue crack growth data for any particular geometry/test condition are reproducible and where there are discrepancies, these seem to be associated with the crack following an interfacial (as opposed to cohesive) crack path. The fatigue crack growth data have been shown to be consistent with other results published in the literature.
With regard to the details of the crack growth behaviour it appears that ∆G Total correlates the range of mode mix propagation data much better than ∆G I . However, even when correlating with total strain energy release rate range, the crack growth appears to be slightly lower when mode I dominates than when there is a larger mode II component. To accommodate this, generalised Paris laws have been formulated providing empirical relations for the crack growth rate as a function of the energy release rate range at any given mode mixity. It is shown that the parameters within this relation vary non-monotonically with the proportion of mode II present. The derived equations provide a good fit to the experimental data and, as such, these can provide accurate characterisation of the material to enable the fatigue crack growth rate in an arbitrary joint geometry to be modelled. From a practical viewpoint, characterisation on the basis of ∆G Total is likely to be preferred. Tables: 
